T he role of secondary insults, including hypoxia and hypotension, in traumatic brain injury is well established, with multiple investigators documenting their association with increased mortality. [1] [2] [3] [4] Unfortunately, many patients cannot be easily intubated without the use of medications because of intact airway reflexes and inadequate jaw muscle relaxation. [5] [6] [7] This has led to the institution of aggressive prehospital airway protocols, including the use of neuromuscular blockers by aeromedical crews and select paramedic agencies. 8, 9 It is clear that the use of these agents as part of rapid sequence intubation (RSI) protocols leads to an increase in intubation success; however, the ultimate effect on outcome is unknown. 6,7,10 -13 Our own experience with paramedic RSI includes a dramatic increase in the intubation success rates for head-injured patients with a Glasgow Coma Scale (GCS) score of 8 or less and an airway success rate of 99%, including 84% orotracheal intubations and 15% using the Combitube (The Kendall Company, Mansfield, MA). 7, 14 The initial outcomes analysis, however, revealed an increase in mortality for RSI patients versus matched, nonintubated controls from the same prehospital system. 15 The challenge now exists to determine the cause of this mortality increase. The present study explores the impact of hypoxia and hypocapnia on outcome in patients undergoing RSI for severe traumatic brain injury. In addition, the relationship between hypocapnia and ventilatory rate is determined.
PATIENTS AND METHODS

Design
The San Diego Paramedic RSI Trial prospectively enrolled patients from the entire county; this analysis focuses on a subset of patients undergoing more intensive monitoring.
These patients were matched to historical nonintubated controls from the same prehospital system. The enrollment period for this analysis was from November 1998 through April 2002, representing the entire duration of the trial. Waiver of consent was granted by the California State EMS Authority and from the investigational review board for each participating institution.
Setting and Prehospital System
San Diego County has a population of approximately 3 million and an area of 4,261 square miles. Advanced life support (ALS) is provided by 12 different agencies, with all but one agency participating in the trial. Approximately 30% of the over 100,000 transports each year are related to major or minor trauma. Five designated adult trauma centers receive all major trauma victims. Participating paramedics attended an 8-hour training course to learn the RSI procedure and medications, GCS scoring, and ventilation procedures.
The city of San Diego has a population of 1.3 million residing in an area of approximately 400 square miles. The city ALS provider enrolled approximately one third of the trial patients. Midway through the trial, this agency instituted the use of continuous recording handheld oximeter-capnometer devices on all transport units. This analysis focuses on the subgroup of trial patients undergoing more intensive monitoring with these devices.
Subjects
The San Diego Paramedic RSI Trial targeted adult major trauma victims with severe traumatic brain injury. Inclusion criteria were as follows: apparent age 18 years or older, major trauma victim according to county protocols, suspected head injury by mechanism or physical examination findings, GCS score of 3 to 8, and estimated time for transport to the resuscitation suite 10 minutes or greater. Paramedics attempted intubation without RSI medications; if this was unsuccessful because of a clenched jaw or intact airway reflexes, patients were enrolled in the trial. Exclusion criteria included ongoing cardiopulmonary resuscitation before administration of RSI medications or the inability to achieve intravenous access.
Interventions
Trial patients were preoxygenated for a minimum of 60 seconds using a nonrebreather mask before administration of RSI medications; bag-valve-mask ventilations were instituted if oxygen saturation (SpO 2 ) remained below 95%. Midazolam and succinylcholine were administered before laryngoscopy; rocuronium was administered to maintain paralysis during transport after confirmation of tube position. A simplified, weight-stratification dosing system was used ( Table 1) . The Combitube was used as a salvage airway device, with CTI mandated after a maximum of three unsuccessful orotracheal intubation (OTI) attempts. If all intubation attempts were unsuccessful, further laryngoscopy attempts were abandoned and bag-valve-mask ventilation performed until spontaneous respirations resumed. Paramedics were taught standard ventilation parameters of 12 breaths/min and a tidal volume of 800 mL; practice with a stopwatch and spirometer was incorporated into the training session.
During the second year of the trial, the San Diego City ALS provider instituted the use of continuous recording handheld oximeter-capnometer devices. The Novametrix Tidal Wave Model 710 (Tidal Wave, Novametrix Medical Systems, Inc., Wallingford, CT) is a handheld in-line oximeter-capnometer with a finger clip SpO 2 sensor and single-use infrared end-tidal carbon dioxide (ETCO 2 ) adaptor. The device records SpO 2 , ETCO 2 , heart rate, and ventilatory rate at 8-second intervals. These data can be downloaded at a later time for analysis. Paramedics from this agency were instructed to adjust ventilation parameters to target an ETCO 2 value of 30 to 35 mm Hg.
Data Collection
Data for every trauma patient meeting Major Trauma Outcome Study criteria are entered into a county trauma registry. In addition, a field worksheet served as both a protocol guide and a data collection tool for RSI trial patients, with one of the principal investigators paged immediately after delivery of each patient for a 15-minute telephone debriefing to record prehospital data and confirm proper GCS score calculation. Data from the oximeter-capnometer devices were exported to an Excel (Microsoft Corp., Redmond, WA) spreadsheet for further analysis.
Statistical Analysis
The primary objective for this analysis was to determine the impact of hypoxia and hypocapnia on outcome after paramedic RSI of severely head-injured patients. Patients were excluded from this analysis for the following: inability (Fig. 1) .
The relationship between hypocapnia and ventilatory rate was explored using both logistic regression and univariate analysis. Linear regression was used to determine the association between recorded ETCO 2 values and ventilatory rate. Data from the first 90 seconds after intubation were excluded to allow for an equilibration period; these data were felt to reflect the duration of apnea during laryngoscopy rather than the effect of ventilations after intubation. To control for variability in tidal volume between different paramedics, the changes in ETCO 2 and ventilatory rate from the first included value were used for analysis. In addition, the mean and median ventilatory rate values recorded at the time of the lowest documented ETCO 2 were compared with all other recorded ventilatory rate values using parametric and nonparametric statistics.
The impact of hypoxia and hypocapnia on outcome was also explored using an odds ratio analysis. Each RSI patient was matched to three nonintubated, historical controls from the county trauma registry using the following criteria: age, sex, mechanism of injury, trauma center, Injury Severity Score, Head/Neck AIS score, Face AIS score, Chest AIS score, Abdomen AIS score, Extremities AIS score, and Skin AIS score. Controls were excluded for death before admission or in the resuscitation suite within 30 minutes of arrival and if the Head/Neck AIS score was defined by a neck injury. Matching was performed independent of previous analyses by a single investigator blinded to outcome. For each of the variables explored in the logistic regression analysis, trial patients were stratified into three approximately equal groups, with odds ratios used to quantify the relative mortality difference between trial patients and their matched controls. Parametric and nonparametric statistics were also used when appropriate to compare trial patients and controls with regard to matching parameters and other clinical variables. Statistical significance was attributed to a value of p Ͻ 0.05. Statistical calculations were performed using StatsDirect (StatsDirect Software, Inc., Ashwell, UK).
RESULTS
A total of 426 patients were enrolled in the trial; two of these were intubated before paramedic contact but received midazolam and rocuronium for paralysis during transport. In addition, three patients did not receive succinylcholine, and another received a tenth of the protocol dose; none of these achieved appropriate relaxation for intubation. A total of 355 of the remaining 420 patients (84.5%) underwent successful OTI, and 58 (13.8%) underwent successful CTI. The San Diego City ALS provider enrolled 152 of the 426 trial patients (36%). Continuous oximetry-capnometry was introduced by this agency in March 2000, with 59 patients meeting inclusion criteria for this analysis. An additional 43 patients were transported after March 2000 but were excluded for the following reasons: oximeter-capnometer device not used (n ϭ 12); detached SpO 2 monitor during RSI procedure (n ϭ 16); dead battery (n ϭ 8); and corrupt data (n ϭ 7). Of the 43 patients transported by San Diego City ALS providers after institution of oximeter-capnometer devices, 38 would have met inclusion criteria for this analysis; these patients were similar to those included in this analysis with regard to demographics, injury severity, and clinical course ( Table 2) . Table 3 displays results from the logistic regression analysis, exploring the impact of various pre-and postintubation parameters on mortality after adjusting for age, gender, Head/ Neck AIS score, Chest AIS score, Abdomen AIS score, and mechanism of injury. A statistically significant effect of lowest and final ETCO 2 on mortality was observed. A statistically significant association was observed with regard to the changes in ETCO 2 and ventilatory rate values from baseline (r ϭ Ϫ0.13, p Ͻ 0.0001). This relationship is displayed graphically in Figure 2 . In addition, the mean and median ventilatory rate values recorded in association with the lowest observed ETCO 2 displayed graphically in Figure 3 . These data suggest that the observed hypocapnia was a result of excessively high ventilatory rates. Table 4 displays data regarding demographics, mechanism of injury, and matching parameters for trial patients (n ϭ 59) and their matched controls (n ϭ 177). The only statistically significant difference between the groups was for Skin AIS score, with trial patients having lower values than controls (0.80 vs. 1.04); this likely had little clinical significance. Table 5 displays values for arrival systolic blood pressure, arterial blood gas data, and serum ethanol. Of note, PO 2 was significantly higher in trial patients than in controls.
The mortality in RSI patients was 40.7% versus only 21.5% for matched controls (odds ratio, 2.51; 95% confidence interval, 1.33-4.72; p Ͻ 0.01). Table 6 displays mortality for RSI patients stratified by various factors related to oxygenation and ventilation as compared with their matched controls. Both the lowest and final ETCO 2 values were associated with increased mortality versus matched controls. In addition, there appeared to be an adverse effect of profound desaturations during RSI and hypoxia after intubation.
DISCUSSION
The preliminary analysis of San Diego Paramedic RSI Trial data documented an adverse effect of paramedic RSI on outcome when compared with matched controls. 15 Three possibilities exist to explain these results. The increase in mortality may reflect some hidden bias introduced by the study design, although trial patients and controls appeared to have been identical with regard to each of the factors that we examined, including demographics, mechanisms of injury, vital signs, AIS scores for each body system, computed tomographic scan diagnoses, and invasive procedures. 15 These results may also represent a true-negative effect of intubation on head injury. To date, the evidence in support of early intubation is tangential at best, with a growing number of studies documenting an association between early intubation and mortality. 16, 17 The final possibility is that factors associated with the RSI procedure as performed in our trial were The Journal of TRAUMA Injury, Infection, and Critical Care responsible for the increase in mortality, masking any potential benefit from the procedure. This is suggested by the high incidence of preintubation desaturation and postintubation hyperventilation observed in previous analyses. 15, 18 In this study, we explore the impact of these potentially avoidable factors on outcome. Our logistic regression model documents an independent association between both the lowest and final recorded ETCO 2 values and mortality; the lowest recorded SpO 2 value and duration of desaturation were not associated with an increase in mortality. The hypocapnia we observed appeared to be a result of excessively high ventilatory rates, as evidenced by both regression modeling and univariate analysis. The matched-controls analysis confirmed the adverse effect of hyperventilation on outcome. In addition, profound desaturations during RSI (SpO 2 Ͻ 70%) and hypoxia after intubation (SpO 2 Ͻ 90%) were both associated with higher mortality than in matched controls.
Both desaturations and hyperventilation represent errors in the performance of the RSI procedure and may explain some of the mortality increase we observed. It is interesting to note, however, that the absence of these factors did not lead to an improvement in survival over matched controls. Whether this reflects a true detrimental effect of early intubation on outcome or a form of selection bias in favor of controls should not detract from the most important findings of this analysis regarding the role of hyperventilation and deep desaturations on outcome in patients undergoing prehospital airway management. Future training and investigation involving prehospital intubation should address these issues to determine whether airway management with minimal complications leads to improved outcomes in patients with severe TBI.
Although hypoxia and hyperventilation are generally considered to be detrimental to the injured brain, little attention has been given to the impact of brief periods of hypoxia or hyperventilation during the resuscitation phase. Multiple studies have documented an association between early hypoxia and mortality in severely head-injured patients, although hypotension has consistently demonstrated a more profound effect. [1] [2] [3] [4] 19 None of these studies explored the impact of "iatrogenic" hypoxia in association with RSI. One group studied the effect of desaturations (SpO 2 Ͻ 92%) in patients undergoing RSI caused by severe traumatic brain injury and found no difference in outcome, even after controlling for the potential contributions of other clinical variables. 20 Their threshold value may have been too high, as we observed an adverse effect of hypoxia on outcome only with extreme desaturations (SpO 2 Ͻ 70%). Animal studies have documented an increase in neuronal death with brief (30 minutes) hypoxemia after experimental brain injury, although concurrent hypotension may have contributed to outcome in at least one of these. 21, 22 Stronger evidence exists for an immediate adverse effect of hyperventilation, although most studies have used surrogate endpoints, such as cerebral blood flow, tissue oxygenation, jugular venous oxygen saturation, and extracellular lactate and glutamate. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] One notable exception is the multicenter trial performed by Muizelaar et al., which randomized severely head-injured patients to undergo moderate hyperventilation (PCO 2 ϭ 25 mm Hg) or normal ventilation
Fig. 3. Box-and-whisker plot comparing ventilatory rate values associated with the lowest recorded ETCO 2 value versus all other ETCO 2 values. The brackets define the total range of values, the edges of each box define the lower and upper quartiles, and the single lines represent median values. A statistically significant difference between the two groups was observed (p Ͻ 0.0001).
(PCO 2 ϭ 35 mm Hg) for the first 5 days of hospitalization. 36 The increase in mortality observed in hyperventilated patients led to recommendations against the use of routine hyperventilation in traumatic brain injury. No previous investigators have explored the impact of prehospital hyperventilation on outcome.
Inadvertent hyperventilation is extremely common with manual ventilation, regardless of the personnel or setting. [37] [38] [39] [40] [41] We observed ETCO 2 values less than 25 mm Hg in 59% of patients for a mean duration of 390 seconds. This may have adverse effects on the injured brain through a variety of mechanisms. First, cerebral vasoconstriction with hypocapnia is well documented and can result in global ischemia through a decrease in cerebral blood flow as well as local ischemia, especially in critical areas of brain surrounding the primary injury. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Second, positive-pressure ventilation reverses the pattern of negative intrathoracic pressure associated with spontaneous respiration, potentially obstructing venous return and decreasing blood pressure and cardiac output; this occurs to a greater degree with increasing ventilatory rates. 42 Lastly, the increase in mean intrathoracic pressure that accompanies hyperventilation with positive-pressure ventilation can be transmitted in a retrograde fashion through the jugular venous system, raising intracranial pressure as a result. Recent data also suggest that injurious ventilation strategies lead to an increase in cytokine release, endothelial apoptosis, and mortality from both overinflation and from the absence of positive end-expiration pressure. [43] [44] [45] [46] The specific characteristics of prehospital ventilation with regard to each of these factors has not been defined; however, it is possible that a lower ETCO 2 value is a surrogate marker for injurious ventilation.
It is also notable that the increase in mortality observed in trial patients was consistent with our previous analyses, despite complete original matching of historical controls. 15 Trial patients and controls were identical with regard to all matching parameters as well as initial SBP and serum ethanol. There was a predicted increase in arrival PO 2 for trial patients; however, mean PO 2 in controls was supratherapeutic at 241 mm Hg. In addition, there were no observed differences with regard to the above parameters between RSI patients and their matched controls when trial patients were stratified into those with and without recorded ETCO 2 values below 20 mm Hg. There were also no apparent differences between the two groups of trial patients that could account for the lower ETCO 2 values.
These data must be viewed in the context of study limitations. This subset of patients represents a relatively small percentage of the total group of trial patients, with limited power to find associations between the various factors and outcome. Nevertheless, we were able to identify hypocapnia caused by hyperventilation as a potential contributor. In addition, patients were not randomized to undergo hyperventilation versus normal ventilation, and hyperventilation may have been a surrogate marker for more severe injuries that The Journal of TRAUMA Injury, Infection, and Critical Care
were not detected by our analysis. Finally, data were not available regarding the prehospital oxygenation and ventilation of controls, although none was intubated in the field, avoiding the potentially detrimental effects of positive-pressure ventilation and hyperventilation.
CONCLUSION
In this study, we explored the potential impact of hypoxia and hypocapnia on outcome in severely head-injured patients undergoing paramedic RSI. A relationship between hypocapnia and an increase in mortality was observed; in addition, this hypocapnia appeared to be a result of excessively high ventilatory rates despite protocols designed to target a ventilatory rate of 12 breaths/min. Matched controls analysis revealed worse outcomes in RSI patients versus matched controls, especially in the presence of any degree of hypocapnia and with deep desaturations during laryngoscopy. There are a lot of questions here, all of which are excellent, and I'm going to try to address them because I think these are important, especially for those who have some control over their EMS system. I'm going to start with Dr. McSwain's questions. The respiratory rate data are actually going to be presented in a separate article but, given that the parameters given to the medics were that they should keep the respiratory rate around 12 breaths/min, it is significant to note that the mean maximum respiratory rate was approximately 50 breaths/min in these patients in whom ETCO 2 monitoring was performed.
We were able to show that the patients who had lower oxygen saturation values after intubation had higher respiratory rates, and so there may have been some attempt by the medics to improve oxygenation by increasing respiratory rate; however, in a regression analysis, there was no relationship between the oxygen saturation and the respiratory rate. So I think that's an important issue that needs to be addressed, and I'll talk more about that.
I think the biggest limitation of this study is that it's not randomized, and several people have brought that up. Also, there may have been inherent biases in the control group or in favor of the control group.
We have looked at multiple aspects of the matching, including the actual computed tomographic scan diagnoses, and that's presented in a separate article, and have not been able to show any particular difference that could account for the differences in outcomes. So thus far, we have not observed that there is some bias or some inherent difference between the groups; however, one question was regarding the GCS score, which was not routinely calculated in the field before this study, but was instead entered in by a Mobile Intensive Care Nurse based on data given to the medics, which is notoriously inaccurate, and so that may be a hidden bias that we can't account for and we'll never know, and only a prospective randomized trial would be able to answer this question.
With regard to the absence of hospital data in this particular analysis, our previous analyses have demonstrated that there is a correlation between arrival PCO 2 and outcome, and so hyperventilation or hypocapnia would probably be the preferred term. It does appear to have an effect no matter how we look at it, whether it's through ETCO 2 monitoring or arrival blood gas.
An important question with regard to patients intubated with RSI and that will be published I believe this month or next month in the Journal of Trauma concerned a comparison between the first year of the trial and the previous year. We actually noted that the percentage of patients intubated without RSI medications went up during the trial, and so our concern was that patients who could have been intubated without medication would be given medication as part of the trial, and the opposite seems to be true. If anything, that should have favored the RSI group, leaving more neurologically intact patients as part of the trial cohort.
The blood pressure in RSI group was not statistically significantly higher, although it was higher, and whether that reflects the low amount of midazolam used as part of the trial and some sort of adverse reaction by the patient is not certain. That has been one of the criticisms, and that was based on concern for hypotension caused by midazolam, which was shown in a previous study using heir medical data.
I think one of the most important questions has to do with the terminology and the issue of "hyperventilation" as a term versus "hypocapnia" and the possibility that these are really just surrogates for some other injury pattern in these patients that led the medics to ventilate them faster or with deeper tidal volumes. There is increasing data suggesting that ventilation strategies may play an important role, especially early in the course of a resuscitation, and that includes the release of cytokines and apoptosis of endothelial cells. Thus, I think this is an area that needs further research.
As far as what you would tell your paramedic crews at this time, I think that ETCO 2 monitoring has to become part of the culture of prehospital medicine because there is no other way to avoid it. Only further research is going to determine whether this will erase that adverse effect of prehospital intubation and paramedic RSI. Thank you.
